Introduction
Fibrosis can be a devastating complication secondary to trauma or surgical insult. The knee and elbow joints are particularly susceptible to post-traumatic contractures. 1, 2 an animal model has been recently developed and used to simulate joint contractures. [3] [4] [5] [6] [7] This model mimics the biomechanical and histological presentation of clinical contracture. 5, [7] [8] [9] [10] [11] clinically, patients who have post-traumatic elbow contractures typically undergo a period of rehabilitation in order to attempt to improve range of movement (rom). 1, [8] [9] [10] [11] if this fails, surgical procedures (open or arthroscopic capsular excision) are undertaken. [9] [10] [11] [12] [13] This typically results in excellent recovery of movement in the operating room, with improved post-operative rom. Final rom often falls short of that gained in the operating room. 10, 11 recently, our group has modified the previously used model to include a contracture release. 14 in this model, joint contracture is nearly eliminated at the time of surgical contracture release, but significant recurrent contracture occurs at final time points. This model may more closely mimic the clinical situation, which involves the formation of fibrosis in spite of joint remobilisation.
Pharmacologic inhibitors of arthrofibrosis may reduce the formation of fibrosis in vivo. Transforming growth factor -beta (TgF-β) has been strongly implicated in the pathogenesis of fibrosis, both in joint contracture and other disease states. 3, 4, 15, 16 efforts to modulate TgF-β have been effective in decreasing fibrosis in these diseases. one class of agents that has been used clinically as inhibitors of TgF-β is peroxisome proliferator-activated receptor -gamma (PPar-γ) agonists. several in vitro studies have demonstrated the ability of PPar-γ agonists to decrease fibrosis. [17] [18] [19] [20] In vivo effectiveness has also been clearly demonstrated in a scleroderma model, using rosiglitazone, a common oral medication for the treatment of diabetes. 19, 21 Pharmacological agents with antifibrogenic activity would be an invaluable tool in the treatment of arthrofibrosis. The effectiveness of these agents may be augmented by delivering them in therapeutic windows, such as at the time of a surgical capsular release. as such, we sought to determine the effectiveness of rosiglitazone in reducing joint contracture by assessing: the biomechanical effects of rosiglitazone by measuring the immediate post-operative and final joint contractures following 16 weeks of treatment; the histological effects of rosiglitazone by measuring the myofibroblast count in the capsular tissue; and the genetic effects of rosiglitazone by using a novel rabbit gene microarray.
Materials and Methods
Following institutional approval, 20 skeletally mature New Zealand White female rabbits were randomly divided into two study groups (control and rosiglitazone). rabbits in each group underwent the same primary operation, which involves a posterior capsular injury, and pinning of the joint in full flexion, as described in previous studies (Fig. 1) . 7 The animals were allowed free cage activity for eight weeks following this operation.
animals in both groups underwent a second operation eight weeks after the primary operation. The surgeons were blinded to control versus rosiglitazone group assignment. This second operation included removal of the Kirschner wire (K-wire), and a capsular release (elevation of posterior capsule under tension) as per previously described protocols. 14 intra-operative fluoroscopic images were obtained of all animals. images were taken of the contralateral limb in gentle forced extension, the operative limb before K-wire removal, and the operative limb following the capsular release procedure as described above, in gentle forced extension (Fig. 2) . Flexion contracture angles were measured on these images. This was calculated by subtracting the operative limb from the non-operative, contralateral limb. Flexion contracture was assessed for animals before K-wire removal and after capsular release.
animals in the rosiglitazone group were given 3 mg/kg in dimethyl sulfoxide (dmso) vehicle as a subcutaneous injection on the day of surgery and on post-operative day one, as oral intake is inconsistent in the peri-operative period. animals in the control group received placebo injections on the day of surgery and on post-operative day one (dmso vehicle alone). beginning on postoperative day two, animals in the rosiglitazone group were given 3 mg/kg orally each day (in apple segments) until sacrifice. animals in the control group were given placebo daily (apple segments alone) until sacrifice. compliance with the drug regimen and placebo were high, with no animals being excluded for lack of ingestion of the drug. all animals were closely monitored by veterinary staff. There were no side effects noted from the drug or placebo. No animal had to be withdrawn from the study secondary to drug administration or reaction.
all animals were allowed free cage mobilisation (0.19 m 3 ) for 16 weeks. Following 16 weeks of remobilisation, all animals were sacrificed under anaesthesia. The joints were immediately tested using a validated and custom-made testing device (Fig. 3 ). This device allows mounting of the femora and tibia to fixed points. an extension torque was then applied to the tibia through a pulley at 1° per second to a maximum torque of 20 Ncm. 7 This device measures the flexion contracture of the limb, and is calibrated using standardised weights. it has been documented in the literature by our group. 7 Tissue collection. Following mechanical testing, the posterior capsule of each animal was immediately dissected. half of the excised tissue was immediately snap frozen in liquid nitrogen, and stored at -80°c for microarray analysis. The remaining half of the excised tissue was placed in formalin for histological analysis. histological analysis. myofibroblast identification and quantification was completed as previously described. 3 briefly, capsule specimens were stained for α-smooth muscle actin (sma), and counterstained with haematoxylin to idenfity cell nuclei. subsequently, three images of joint capsule were taken at random on six serial sections of tissue (18 images total per limb). myofibroblasts were identified as cell nuclei associated with α-sma stain. blood vessels, which also stain positive for α-sma, were manually excluded based on morphology. Genetic analysis. mrNa extraction was completed as per previously described protocols. 4 The rNa extraction from frozen tissue was performed using a kit from 5 Prime (Fisher scientific, Pittsburgh, Pennsylvania). samples with < 100 ng of rNa or rNa integrity numbers a b Photograph of the mechanical testing device. Following mounting of the limb, the joint was extended at 1° per second until 20 Ncm was reached. Fluoroscopic verification that the femoral condyles were centred over the centre of the load cell.
(riN) of < 6.5 were excluded. remaining rNa was stored at −80°c until further analysis. after mrNa extraction, a custom microarray was used to identify significant changes of 384 genes. a cdNamediated annealing, selection, extension, and ligation (dasl) assay pool was designed and synthesised through the illumina, inc. (san diego, california) custom dasl service that investigates 384 common rabbit (Oryctolagus cuniculus) mrNa targets. analysis of mrNa was conducted according to the manufacturer's instructions for the dasl assay. Quality assessment parameters were determined to be within normal ranges before proceeding to the final data reduction. Statistical analysis. Total myofibroblast numbers, total cell count numbers, and percentage of myofibroblasts were measured and compared with the non-operative limbs. direct comparison between experimental groups was done using a two-sample t-test assuming unequal variances. differences occurring with < 5% likelihood of being due to chance were considered statistically significant (p < 0.05). data are represented as mean and standard deviation (sd).
The sample size was calculated assuming a 5% type 1 error and 80% power to detect an effect difference of 30° with a sd of 20°. The knee joint flexion angles of the operated limbs in the control animals were measured and compared with the operated limbs in the rosiglitazonetreated animals. comparison was performed using a two-sample t-test assuming unequal variances. significance level was set at a p-value of < 0.05. data are presented as mean and standard deviation.
gene expression of the control animals and rosiglitazone-treated animals were compared. The illumina whole-genome genes array was used to assay 384 transcripts, as previously described. 4 a total of six samples were run on one array and the samples from the groups were randomly allocated to the arrays. gene expression data were 'normalised' within treatment groups using fastlo, the model-based method of normalisation. analysis was completed using log base-two expression values and student's t-test was used to test for differences between the mean expression levels. results are presented for p < 0.05.
Results
Biomechanical. rosiglitazone did not increase the biomechanical effectiveness of a limited capsular release in this model. at the time of contracture release surgery, there was no significant difference in the flexion contracture between the rosiglitazone and control groups (34° sd 12 vs 30° sd 8, respectively; p = 0.32). Following 16 weeks of remobilisation, the difference in flexion contracture between the two groups was also not statistically significant (33° sd 11 vs 37° sd 14, respectively; p = 0.39; Fig. 4 ). When the overall change in flexion contracture was assessed, as calculated by the difference in flexion contracture intra-operatively and at the final time point, there was no significant difference in the rosiglitazone group compared with controls (-2° vs 7°, respectively; p = 0.059). histological. There were no significant differences in myofibroblast count, total cell count, and percentage myofibroblasts between animals in the control and rosiglitazone groups. There was a mean of 2% myofibroblasts in the control group and 4% myofibroblasts in the rosiglitazone group at the time of sacrifice. When compared between the groups, this difference was not significant (p = 0.16). The number of myofibroblasts and number of total cells were compared between the groups, and did not demonstrate a significant difference (p = 0.17 and p = 0.13, respectively). Finally, there was no significant difference between the myofibroblast count, total cell count, or percentage of myofibroblasts in the operative versus the non-operative limbs in either group. Genetic. of 384 genes tested with the microarray, there was a significant difference detected in ten genes. There was a significant downregulation of defensin NP-3a, interleukin 1 beta (il-1β), angiotensin-converting enzyme, cyclin a2, serum and glucocorticoid-regulated protein kinase, glutathione s-transferase, and ryk for tyrosine kinase-related protein. There was a significant upregulation of factor Xi, bcl2-like 1, and interleukin 6. in addition, there was a nonsignificant downregulation of three genes: collagen type X (fold change: -4.3; p = 0.05), integrin alpha v (fold change = -1.5; p = 0.06), and TgF-β 2 (fold change = -1.3; p = 0.05). There was a nonsignificant upregulation of three genes: fertilin α (fold change = 1.8; p = 0.06), macrophage migration inhibitory factor-related protein 8 (fold change = 1.9; Table i ) .
The bioinformatics analysis generated 15 pathways that were significantly implicated (Fdr filter 0.05) (Table ii) . Pigment epithelium-derived factor (PedF) signalling, cd40 signalling, the T h 17 cell differentiation pathway, and the macrophage migration inhibitory factor (miF) pathway were pathways of most significance to fibrosis formation.
Discussion
There is ongoing interest in the biomechanical, histological and genetic processes of joint contractures. our group established a model that includes a surgical capsular release at the time of remobilisation of the animals. This model has the additional advantage of allowing therapeutic agents to be carefully administered at the time of this intervention. in this experiment, we sought to determine the effectiveness of rosiglitazone in reducing joint contracture by assessing: the biomechanical effects of rosiglitazone by measuring the immediate post-operative and final joint contracture following 16 weeks of treatment; the histological effects of rosiglitazone by measuring the myofibroblast count in the capsular tissue; and the genetic effects of rosiglitazone by using a rabbit gene microarray. in this model, there was no significant difference between the animals receiving rosiglitazone versus placebo, based on flexion contracture or histology. This is an unexpected finding given the current literature supporting the role of PPar-γ agonists in TgF-β modulation and fibrosis. This may be related to low effective concentrations in the joint, or inadequate drug dosage.
The genetic analysis demonstrated ten genes and 15 pathways that were significantly modulated in the rosiglitazone group compared with the control group. Previous studies have demonstrated that TgF-β drives fibrosis through three main processes: inflammatory cell proliferation and migration, epithelial-mesenchymal transition and matrix production. [22] [23] [24] Four specific groups of pathways and genes warrant further discussion, for their implications in these processes: -The PedF signalling pathway was significantly modulated in the rosiglitazone group in this study. PedF has been demonstrated to be antifibrogenic in pulmonary, renal and hepatic fibrosis. 25 PedF signalling leads to a decrease in TgF-β expression. 26 much of this anti-TgF-β and antifibrogenic effect is modulated by PPar-γ. 27,28 modulation of this pathway by rosiglitazone was confirmed in this study. -another significant signalling pathway that was modulated in the rosiglitazone group in this study was the cd40 pathway. This pathway is the subject of significant ongoing research in fibrosis development. PPar-γ agonists have been shown to decrease cd40 signalling in fibroblasts. 29, 30 cd40 has been implicated as a profibrogenic molecule, with increased cd40 expression in patients with systemic sclerosis, as well as lung and peritoneal fibrosis. [31] [32] [33] [34] [35] Furthermore, decreasing cd40 activity has been demonstrated to decrease fibrosis. 36, 37 modulation of the cd40 pathway is another possible therapeutic effect of rosiglitazone demonstrated in this study. -The T h 17 cell differentiation pathway and the il-17 signalling pathways were also modulated in this study. These pathways are intimately associated, as T h 17 cells are lymphocytes that secrete il-17. Previous work has demonstrated that the PPar-γ agonists inhibit T h 17 differentiation and T h 17 responses. 38, 39 although the exact fibrotic responses to il-17 and T h 17 are still being elucidated, the preponderance of 42 it has also been implicated in increasing inflammation in rheumatoid arthritis. Finally, studies of kidney and liver fibrosis have demonstrated increased miF expression. 43, 44 modulation of this pathway by rosiglitazone has the potential to modulate fibrosis in this setting.
a limitation of this study is that joint angle measurements made at the time of the operation were done using fluoroscopic imaging at the time of operation, with gentle manual extension applied by the surgeon's hand, rather than using the custom testing device. While this allows a gross assessment of movement, it lacks the precision of the joint angle measuring device that is used at final follow-up. unfortunately, the joint angle measuring device requires sacrifice for testing, limiting the ability to use it at the time of the release operation. This reduces the depth of analysis possible on the post-operative flexion contracture measurements. Finally, no measurements of serum or joint concentration of rosiglitazone were performed to assess the effective drug levels.
overall, rosiglitazone had no statistically significant effect on biomechanical or histological properties, but did impact the genetic expression of the posterior capsular tissue in a rabbit model of contracture, with ten gene products and 17 pathways demonstrating significant modulation. The effects of rosiglitazone on these pathways have the potential to ameliorate the formation of fibrosis. Further work, including analysis of the genetic pathways, more precise drug delivery, and different time points of analysis may provide more insight into the possible therapeutic role of rosiglitazone in this disease process.
